Background The intrauterine environment may influence the development of obesity, but as yet, the long-term effect of growth in utero is unclear. We studied maternal smoking during pregnancy to gain insight on how an insult affecting fetal growth might subsequently influence obesity risk through childhood to age 33.
Obesity has been identified as an escalating problem worldwide, and is associated with a significant disease burden. 1, 2 The causes underlying the development of obesity are therefore of considerable public health importance. Adult lifestyles are emphasized in much research, but it is increasingly suspected that the intrauterine period is critical in the development of obesity. 3 Greater maternal size and weight gain tend, in general, to be related to greater body mass index (BMI) among offspring. 4 Yet, counter to this is the evidence from the Dutch Hunger Winter Study, implicating maternal undernutrition in the first and second trimesters of pregnancy in the development of obesity. 5, 6 Given this conflicting evidence, it is unclear whether poor fetal growth subsequently promotes the development of obesity.
Some studies have examined associations between birthweight and obesity, but in general, they have neglected potential confounding effects, which may be particularly strong for parental body size. 4 A recent study, based on the 1958 birth cohort, showed that a weak positive association between birthweight and adult BMI was abolished after adjustment for maternal weight. 7 However, studies relying on birthweight as a proxy for fetal growth may obscure a distinct effect of poor intrauterine environment on obesity. This is because there are strong associations between parental size, offspring birthweight and subsequent size through to adulthood. Other models that elucidate the role of fetal environment in the development of obesity are therefore needed.
Maternal smoking during pregnancy is a potentially useful measure which, after 40 years of research, 8 is recognized as having deleterious effects on fetal growth 9 and potentially, provides a natural experiment to assess long-term effects on obesity. Previous studies show catch-up growth among those exposed to tobacco in utero, [10] [11] [12] but with the longest follow-up being to adolescence 13 evidence is lacking on obesity risk through to adulthood. Thus, our aim is to determine whether maternal smoking during pregnancy influences the risk of obesity among offspring at different life stages from childhood through to early adulthood and whether any maternal smoking effect is accounted for by known risk factors, including parental size, own diet and smoking habit. The nationally representative British cohort of births in 1958 followed through to age 33 is used for this study.
Methods

Sample
The 1958 birth cohort includes all individuals born in England, Wales and Scotland, 3-9 March 1958 . Details of the study are presented elsewhere. 14 In brief, information was obtained on 98% of births totalling 17 414, with follow-up of survivors at ages 7, 11, 16, 23 and 33 years (11 405 subjects were included in the 33-year survey). 15 Multiple births (n = 446) are excluded from all analyses. Biases associated with sample attrition have tended to be small, although in the direction of under representing more deprived social groups over time. 14 In the sample used here for multivariate analysis, 19.5% of men were born into social classes IV & V or had no male head of household, compared with 23.9% in the original birth survey; for women proportions are 21.0% and 24.6%, respectively. Mean birthweight was significantly heavier in the sample used for multivariate analysis than in the original survey: 3.45 kg and 3.38 kg, respectively, for males; 3.29 kg and 3.25 kg for females. Mean BMI at 33 years was identical in samples with and without complete data on all confounding factors (25.6 kg/m 2 for men and 24.6 kg/m 2 for women).
Measures
Height and weight were: (1) measured by trained medical personnel at 7, 11 and 16 years (subjects were weighed in underclothes to the nearest pound, and height was measured to the nearest inch); (2) self-reported at age 23; (3) measured at age 33 (height, without shoes using a stadiometer reading to the nearest centimetre; weight, in indoor clothing using Salter portable scales). Data were checked to detect coding errors. 16 Body mass index was calculated as kg/m 2 by sex for each age, using the 90th percentile of the sample to define the fattest group, with values as follows:
In more detailed analysis of adult obesity we used a BMI cutoff of у30 kg/m. 2, 17 Women who were pregnant at age 33 (n = 256) were excluded from analyses. Birthweight (recorded as pounds and ounces and converted into kilograms) and gestational age were obtained at birth from a questionnaire completed by the midwife at delivery or shortly afterwards. Gestational age was determined from the date of the first day of the last menstrual period.
Maternal smoking was recorded in the questionnaire at birth as number of cigarettes smoked per day after the fourth month of pregnancy. This classification of the smoking data was adopted in the original birth survey report, because at the time (1969), it was expected that maternal smoking exerted a maximum effect on birthweight in the later period of pregnancy. 18 As many women changed their smoking habits in the early months of pregnancy, it was difficult to group smoking from the beginning of pregnancy. Mothers were categorized as nonsmokers (Ͻ1 cigarette per day), or smokers (у1 cigarette per day). In further analysis, they were grouped according to daily cigarette consumption into light (1-9), medium (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) or heavy smokers (Ͼ20). Mothers also reported smoking prior to pregnancy: 99% (n = 5568) of smokers during pregnancy had smoked prior to pregnancy; 89% (n = 9923) of non-smokers during pregnancy did not smoke prior to pregnancy.
Potential confounding factors
Several potential confounding factors were identified a priori, including: parental body size, maternal age, infant feeding, parity, social class, own education level, smoking and diet. Data are as follows: parental height (to nearest inch) and weight (in half stones), recorded in 1969 and converted, respectively, to metres and kilograms. A BMI was derived for each parent. Parity was coded as 0, 1 or Ͼ1. Infant feeding was coded as whether the infant was breastfed or not. Social class based on the Registrar General's classification was grouped into four categories: I & II (professional and managerial), III non-manual (unskilled); III manual (skilled) and IV & V (semi and unskilled manual). Class at birth and age 7 was based on father's occupation (single mother households were classified with IV & V), and at 23 and 33 years, on the man or woman's own occupation. Educational qualifications of the cohort were classified as above 'A' Level, 'A' Level or equivalent, 'O' Level or equivalent, less than 'O' Level, and no qualifications. Smoking behaviour was categorized as: (1) persistent regular smoker (Ͼ1 cigarette per day) at both 23 and 33 years, (2) other smokers, and (3) nonsmokers. Physical inactivity was ascertained at age 23 as how often the cohort member watched television in the last 4 weeks. This was coded as Ͼ5, 3-4 and 1-2 times per week or 0-3 times in the last 4 weeks. Diet was assessed from a food frequency questionnaire at age 33, with consumption coded as more or less than once weekly for (1) fatty foods (fried food and chips), (2) fresh fruit (in summer) or raw vegetables and salads (in winter), and (3) biscuits, sweets and chocolate.
Data analysis
The relationship between maternal smoking during pregnancy and BMI of the cohort member was estimated separately for each age and sex, using odds ratios (OR) for obesity in those exposed to tobacco prenatally versus those not exposed. The trend in the OR for obesity over the five ages was tested using a repeated measures multilevel model, with both linear and quadratic terms. 19 Further comparisons were made for mean BMI, with transformed (natural log) BMI to approximate normality from a positively skewed distribution. Standard deviation scores (z-scores) were calculated for each age and sex group to allow for differences in variance for childhood BMI. In more detailed analysis of obesity at 33 years, we assessed whether potential confounding factors, such as parental BMI, could and offspring who, on average, had lower qualifications, lower social class and poorer health behaviours in their early adulthood. However, many potential confounding factors were unrelated to obesity at age 33 (P Ͼ 0.05 in t-test or χ 2 test) and were therefore excluded from further analyses. The effect of maternal smoking on obesity at age 33 was estimated in logistic regression models with and without adjustment for potential confounding factors. These multivariate analyses were conducted on a reduced sample with complete data (2918 males; 2921 females). A sensitivity analysis was undertaken, including all subjects with data on maternal smoking in pregnancy and 33-year BMI (5047 men; 4995 women) with an additional 'missing' category identified for each potential confounding factor separately. Results obtained from this analysis were similar to those reported here for the restricted sample with complete data. The analyses were conducted according to the chronological order of the covariates, ordered in four stages: (1) maternal BMI, (2) maternal BMI and other early life (birth) factors, (3) early life and childhood factors (age 7), and (4) early life, childhood and adult life factors. Although birthweight was included as a co-variate in these models, it was regarded not as a confounding factor, but as an intermediate factor, i.e. representing a potential pathway through which effects of maternal smoking might operate. No significant interactions were found between maternal smoking and other main effect variables. Linear regression analyses using BMI (natural log-transformed) at 33 years, with the same predictor variables were carried out in parallel.
Throughout the analyses we used a dichotomous categorization of maternal smoking in order to retain a group of women smokers reporting variable consumption of cigarettes (n = 967). However, we conducted additional analyses excluding these women, to investigate whether amount smoked during pregnancy had a dose-response relationship with offspring BMI. To further clarify whether an association with BMI was due to maternal smoking rather than to inadequate measures of confounding factors, we compared mothers who continued to smoke during pregnancy with those who quit.
Results
Of 16 766 singletons with information on maternal smoking, 5624 mothers (33.5%) smoked after the fourth month of their pregnancy in 1958. Table 1 shows that, as demonstrated previously for this cohort, 20 infants of women who smoked in pregnancy were lighter at birth than infants of non-smokers MATERNAL SMOKING AND OBESITY 415 (3.28 kg versus 3.44 kg for males; 3.14 kg versus 3.30 kg for females). Yet, children of smokers had an elevated risk of being in the fattest decile of BMI, which was significant by 11 and 16 years, respectively, for females and males ( Table 2 ). The OR associated with maternal smoking showed a significant quadratic trend over the five ages 7 to 33 (P Ͻ 0.05), representing an increase to age 23, which did not continue through to 33 years. However, the increase from childhood (ages 7, 11 and 16) to adulthood (age 33) was significant (linear trend P Ͻ 0.05), suggesting a strengthening of the relationship between maternal smoking and obesity. The greater BMI of children whose mothers smoked in pregnancy is also evident from a comparison of means (Table 2 ) and associated z-scores. Using a standard definition of adult obesity (BMI у30) at age 33, the unadjusted OR associated with maternal smoking was 1.40 (95% CI : 1.17-1.68) for men and 1.43 (95% CI : 1.20-1.70) for women in the full sample. For the 2918 males and 2921 females with complete data available for multivariate analysis, the unadjusted OR was respectively, 1.56 and 1.41 (Table 3) . After adjustment for maternal BMI the OR increased due to negative confounding. Further adjustment for early life factors (birthweight, infant feeding and social class at birth) slightly reduced the OR. With additional adjustment for childhood social class and adult factors (including several measures of diet, physical inactivity, education and social class) the OR for obesity remained significantly elevated for men (1.55, 95% CI : 1.19-2.00) and for women (1.44, 95% CI : 1.13-1.84) ( Table 3 ). The risk associated with maternal smoking was therefore largely unaffected by adjustment for several confounding factors. Linear regression analysis of ln BMI at 33 years also showed a significant effect of maternal smoking, which was robust to adjustment for confounding factors (data not presented).
Testing for a dose response in prevalence of obesity according to maternal smoking habit revealed significant linear trends at ages 16 and 33 years. At 33 years, 10.3% of offspring of non-smokers were obese compared to 13.4% of light smokers, 15.0% of medium smokers and 16.0% of heavy smokers (linear trend P = 0.012). Finally, we compared offspring whose mothers continued to smoke during pregnancy (n = 5568) with those whose mothers quit smoking during pregnancy (n = 1219). Offspring of persistent smokers had a higher prevalence of obesity than offspring of 'quitters', consistently at ages 16, 23 and 33 years. For example at 33 years, 14.2% of the offspring of continuing smokers were obese, compared to 10.2% of offspring whose mothers quit smoking during pregnancy (P Ͻ 0.005).
Discussion
In this British cohort, offspring born to mothers who smoked during pregnancy in 1958 were lighter at birth, but had a greater risk of obesity over the subsequent three decades through to mid-adulthood. The risk associated with maternal smoking appeared to strengthen with increasing age of offspring, it was not accounted for by several potential confounding factors, and paradoxically, was not reduced after adjustment for birthweight. By age 33 the offspring of smokers had about a 40% elevated risk of obesity compared with offspring of non-smokers. Thus, prenatal exposure to tobacco in this study sample appears to be associated with subsequent gain in weight among both males and females. Weight gain related to maternal smoking in pregnancy has been reported previously 10, [21] [22] [23] but in studies largely confined to the first decade of life and thus they were unable to demonstrate effects on obesity in adulthood. Longer-term followup is important because gains in weight over a short period may be interpreted as reassuring, 22 and may obscure the extent of growth disturbance. Prenatal tobacco exposure has rarely been used explicitly to test whether poor fetal growth adversely affects an individual's risk of subsequent overweight, 11, 13 despite the suggestion that it provides an appropriate test. 24 Some consistencies are emerging across studies, but there are also apparent contradictions and methodological considerations to be addressed.
Methodological considerations
Specifically in this cohort, data on maternal smoking was categorized in the original birth survey as occurring before or after the fourth month of pregnancy. As mentioned previously, this categorization was used because of contemporary expectations about when maternal smoking exerted its maximum effect, 18 an expectation which is supported by more recent research. 9 Comparing maternal smoking status on two occasions, i.e. prior to and during pregnancy, we found that most mothers (99%) smoking in pregnancy also reported smoking before: they are therefore likely to have smoked throughout their pregnancy. (Reporting biases in smoking behaviour in 1958 are unlikely given that knowledge of adverse effects on offspring was limited at that time.) Consequently, as in previous studies of maternal smoking and adiposity of offspring, the risk of obesity associated with prenatal tobacco exposure was not differentiated according to stage of pregnancy. Regarding losses to follow-up, few sample biases have been identified for this cohort sample and the results are therefore likely to apply to contemporary young adults. Importantly, this study was able to take account of other known influences on obesity, which could potentially confound the relationship with maternal smoking. The information available for different ages represents potential lifetime confounding exposures and this is a major strength of our study. Parental BMI is perhaps the most salient potential confounder, due to its powerful influence on adiposity among offspring, 25 yet this factor failed to account for the maternal smoking-offspring BMI relationship. Other potentially important factors include diet, physical inactivity and offspring's own smoking habits. Neither infant feeding nor adult diet at age 33 (frequency of consumption of fatty or sugary foods and fruit or vegetable consumption) affected the obesity risk associated with maternal smoking in pregnancy. This is unsurprising given the modest differences in adult diet between offspring of smokers and non-smokers detected with the measures available in this study. We cannot discount the possibility that more precise measurement of adult diet or dietary intake in childhood might account for our findings, although social class at birth and at age 7 provide additional proxy measures for dietary intake. There is evidence from earlier studies 26, 27 and contemporary research 28 that diet is socially patterned, with children from manual class backgrounds having poorer diets as indicated by more frequent consumption of sweets, sweet drinks and less frequent consumption of healthy foods. Sedentary behaviour was indicated by television viewing, which has previously been shown to relate to changes in BMI over time. 29, 30 Confounding effects of own smoking behaviour were also negligible, largely because persistent smoking was not related to adult obesity. To further discount the possibility that the maternal smoking-obesity association was due to residual confounding, we compared the offspring of persistent smokers and of quitters. That the offspring of persistent smokers had a greater prevalence of obesity at 16, 23 and 33 years, lends weight to the conclusion that there is a relationship between maternal smoking and later obesity. Moreover, the significant dose-response relationship between maternal smoking and obesity prevalence provides additional support for the association.
Comparison with other studies
It is difficult to compare our findings with more direct evidence linking maternal nutrition to overweight among their offspring. Indirect evidence comes from studies of birthweight, but paradoxically, these generally show a positive relationship with BMI increasing with increasing weight at birth. 4 The birthweight-BMI association tends to be weak, and within this cohort appears to be due to underlying relationships with parental body size. 7 More direct evidence on maternal nutrition is available from the Dutch Hunger Winter Study. Exposure to famine in the first half of pregnancy increased the risk of obesity among surviving offspring, whilst famine in the last trimester and postnatally was associated with a reduced risk, suggesting that effects depend on the timing of intrauterine exposure. 5, 6 It should be noted, however, that even within the Dutch study, relationships have varied by gender and with increasing age of those exposed to famine prenatally. Initially, a study of male conscripts showed a famine effect on rates of obesity at age 19; whereas, a more recent study showed adverse effects on body weight, BMI and waist circumference at age 50 in women, but not men. 6 No association was found between famine exposure in Leningrad and BMI at age 52-53 years. 31 Research on maternal smoking and subsequent growth shows more consistent effects. Most studies suggest a greater weight gain across differing periods of childhood among offspring of mothers who smoked during pregnancy. 10, 11, 13, [21] [22] [23] 32 But there are exceptions, including one study showing a lower weight gain to 6.5 years in offspring of smokers, 33 although elsewhere, a weight and height deficit in 3-year-old children of smokers was not significant after allowing for maternal social and obstetric factors. 34 Yet, on the basis of the changing relationship of maternal smoking to obesity with age in the 1958 cohort, we might expect the effect of maternal smoking to vary for different populations surveyed at different ages.
Strengthening effect with increasing age or temporal changes?
We do not interpret the apparent strengthening relationship as an amplification of a latent effect with increasing age, rather it is more likely to reflect temporal changes in postnatal exposures. The 1958 cohort grew up during a period of nutritional abundance and increasingly high fat diets. 35 The most parsimonious explanation for the strengthening relationship is that the effect of prenatal exposure to tobacco, possibly acting through restricted fetal growth, increases with the energy density of the postnatal diet. This explanation would also account for the different effects observed in the Dutch and Leningrad famine studies. Individuals exposed in utero to the Dutch famine grew up in a time of increasing affluence, whilst, in the Leningrad famine 31 individuals endured a longer period of food shortage and a less abundant diet subsequently. 6 Thus, the effect of early life environment may depend on subsequent exposures at other life stages.
However, we would emphasize that the mechanisms involved are unclear at this stage and that the explanation presented here may even appear to be counter-intuitive, given that we found no evidence that fetal growth, as represented by birthweight, acted as an intermediate factor on adult obesity. (This was also shown in the Dutch Hunger Winter Study, in which the association between exposure to famine in early gestation and obesity at 50 years in women was reported to be independent of body size at birth. 6 ) Yet, as we have shown elsewhere, the positive birthweight-BMI association is strongly influenced by maternal body size. 7 Accordingly, in the present study, the effect of adjustment for birthweight mimicked that for maternal BMI, which had a negative confounding effect on the maternal smoking-offspring obesity relationship. Whilst it is not surprising, therefore, that the risk of adult obesity associated with maternal smoking did not reduce after allowing for weight at birth, we cannot conclude that a maternal smoking effect is independent of fetal growth.
Even though the relationship between maternal smoking and offspring growth retardation is a well-replicated finding, the underlying mechanism is not known. Potentially, nicotine may suppress the mother's appetite, inducing fetal growth retardation due to poor nutrition. Also, increased carbon monoxide levels in the maternal blood supply may reduce oxygen unloading to the fetus, affecting fetal growth and development. Alternatively, nicotine may produce vasoconstrictive effects on maternal and uteroplacental vasculature, or cyanide compounds may have toxic effects that interfere with fetal oxidative metabolism. 36 Whatever the mechanisms, the potential for maternal smoking in pregnancy to affect growth patterns over the longterm is evident from studies of linear growth, with height deficits documented in childhood 37, 38 through to adulthood. 39 Disproportionate weight gain associated with prenatal tobacco exposure may be due to the infant's self-regulation of food intake after birth, as suggested by Ounsted's 40 study showing that small-for-date babies take more bottle milk per kilogram bodyweight than large-for-date babies. Alternatively, endocrine imbalances could occur through disrupted programming of endocrine axes at critical developmental periods, as proposed by the fetal origins hypothesis. Our study does not shed any light on whether maternal nutrition or fetal growth underlie the processes through which subsequent body size and shape are affected, but it represents an important first stage, establishing a long-term association with adiposity. Thus, our results are consistent with the fetal origins hypothesis that gestation is a critical period in the development of obesity. They also provide some support for the thrifty phenotype hypothesis, whereby conditions in utero influence subsequent development of insulin resistance and glucose intolerance in adulthood. 41 Specifically in relation to smoking, our study is further evidence that long-term health consequences are not confined to one generation, but that the health of a future generation is also impaired.
The evidence on the effects of poor fetal growth on The evidence on the effects of poor fetal growth on the development of obesity in adult life gives a mixed picture. Size at birth seems to be associated with the distribution of body fat rather than with total body mass. For example, people who were light as babies were found to have more truncal fat independent of overall fatness. 1 On the other hand, people who had high birthweight were found to be somewhat more obese as adults than those with low birthweight. 2, 3 In their paper on the effect of maternal smoking on adult obesity, published in this issue of the International Journal of Epidemiology, Power and co-workers point out that size at birth only indirectly reflects the severity and timing of adverse environmental events during gestation. 4 For this reason, they suggest that 'other models (than studies relying on birthweight as a proxy for fetal growth) are needed to elucidate the role of fetal growth in the development of obesity'. But, can we gain more insight into the fetal origins of adult obesity by studying the body composition of people whose mothers smoked during pregnancy?
Fetal growth is thought to be controlled by environmental influences-through their effects on the mother's body-rather than through genetic make-up. For example, it was found that the birthweight of the mother, but not that of the father, was associated with fetal growth. 5 The supply of nutrients and oxygen is considered to be the determinant of fetal growth, 6 and in turn the nutritional supply depends on many factors, such as the mother's body composition, her lifelong nutritional status, food intake during pregnancy, and the transport capacity of the placenta. It is unclear how these factors are affected by maternal smoking.
Power and co-workers show that there is an increased risk of obesity at age 33 in men and women whose mothers smoked in the second half of gestation. They also found that babies of mothers who smoked were 160 g lighter at birth than babies of non-smokers, which is in agreement with a large number of studies that show that smoking during pregnancy produces on average a reduction in birthweight between 150 and 300 g. The association between maternal smoking and obesity, however, was not affected by adjustment for birthweight, which suggests that smoking influences adult obesity independently of its effect on fetal growth. Consequently, an adverse fetal environment-in this case maternal smoking-may contribute to the development of obesity later in life without affecting size at birth. A similar conclusion was drawn from the results of the Dutch famine studies. The Dutch famine was a sudden period of severe food shortage that occurred in the western part of the Netherlands between November 1944 and May 1945. Studies of people who were born around this period demonstrate that exposure to maternal starvation in early gestation is associated with obesity in adult life independent of its effect on fetal growth. It was found in 300 000 Dutch conscripts that the rate of obesity (body weight for height ജ120% of a population standard) was higher among men exposed to the Dutch famine in the first half of gestation (2.8%), and lower among men exposed in the last trimester of gestation or the immediate postnatal period (0.8%), compared to non-exposed men (1.8%). 7 A more recent study of the effects of the Dutch famine in 741 people for whom detailed birth records were available showed again that exposure in early gestation increased body weight, body mass index and waist circumference at age 50, although only in women and not in men, whereas body size at birth was not affected. 8 In other words, the observed association between exposure to famine in early gestation and obesity later in life was independent of body size at birth.
Potential mechanisms underlying the development of obesity are sometimes bluntly grouped into two categories. The first refers to hypothalamic dysfunction and the second to abnormalities at the level of the fat cell. The Dutch famine studies suggest that there are effects of maternal exposure to famine on the distribution of body fat in women but not in men. A series of studies in rats, performed in response to the study in the Dutch conscripts, also found differences in effects of maternal starvation between male and female offspring, 9 and larger retroperitoneal and parametrial fat pads rather than increases in total bodyweight. 10 All these findings support the idea that the increased levels of obesity in offspring of mothers who were starved in early gestation were due to permanently altered central regulatory mechanisms of energy intake and expenditure rather than to abnormalities of the adipocytes.
One of the most important insights provided by the large body of evidence on the fetal origins hypothesis, generated by epidemiological studies as well as laboratory experiments, is that the effects of an adverse fetal environment depend on its nature, severity and timing. It is therefore unlikely that there is one simple explanation for the finding that children of mothers who smoke during pregnancy have an elevated risk of obesity. Therefore, we need to know more about how smoking affects fetal development. In this respect, the most important finding in the paper by Power and co-workers seems to be that people whose mothers smoke during gestation have a lower birthweight and, independently of birthweight, a higher body mass index in adult life. It may be the adaptations of the fetus to maintain its growth rather than the direct effects of maternal
